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Why did have in mind when we planned and built RHIC?
What were the scientific motivations?

Have we succeeded in shedding light on the scientific issues?

- Thanks toT leano
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Pre-history of RHIC

Bear Mountain was the turning
point: workshop brought heavv Report of the Workshop on
|On phyS|CS to forefront as BEV/NUCLEON COLLISIONS OF HEAVY IONS - HOW AND WHY

research tool!

November 29-December 1, 1974

Bear Mountain, New York

- T h e WO r ks h O p ad d ressed NATIONALS;(ﬁEZEEdFZLNDATIGN
Itself to the intriguing VEVS LABORATRES,COLIABA NSy
q U ESti O n Of th e pOSS i b I e A. KERMAN, L. LEDER;T:,MTZEQlcE:T;.i:TJeDERMAN, J. WENESER

Scientific Reporters

existence of a nuclear world LANRENCE . PRICE ANES . VAR
guite different from the one
we have learned to accept as

familiar and stable.” e BT IR e, W& o

UNDER CONTRACT NO. E(30-1)-16 WITH THE
UNITED STATES ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION




Stability and variability of the vacuum

Is the vacuum a medium whose properties we can change?

~"We should investigate ... phenomena by distributing high energy
or high nucleon density over a relatively large volume." T.D. Lee

Possibly restore broken symmetries, create dense abnormal
states of nuclear matter at high p by heavy ions collisions:

Lee-Wick low mass nucleon matter?
pion condensates?
stable abnormal nuclei?

detectable in high energy cosmic rays?
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Were we playing with fire?

Could seeds of unusual states set off a global catastrophe?

“Lee-Wick theory indicates that 108 or 10° [abnormal superdense
nuclei] have already been produced on the moon, and that the
moonis still there, albeit with large holes.* Leon Lederman

Ehe New York Times

Ehe New Hork Times
September 11, 2001
Asking a Judge to Save the World, and Maybe a Whole Physicists Strive to Build A Black Hole

Lot More By GEORGE JOHNSON

By DENNIS OVERBYE

March 29, 2008

April 15,2008
Essay

Gauging a Collider’s Odds of Creating a Black
Hole

By DENNIS OVERBYE




What are the properties of matter under extreme
conditions? High temperature, high densities!

Bear Mountain 1974

Lee-Wick abnormal matter
Hagedorn hadronic resonance gas
Walecka mean field model

Quark matter (“quark soup”) as ultimate state:
Itoh 1970, Carruthers 1973
Gross, Wilczek & Politzer, Asymptotic freedom of QCD, 1973

Collins and Perry, 1975: Ultra high density and ultrahigh
temperature < asymptotic freedom. “Bjorken scaling implies that
the quarks interact weakly.”

Quark matter in neutron star: “Can a neutron star be a giant MIT
bag?” -- GB and Chin, 1976



Other significant meetings

First workshop on ultra-relativistic nuclear collisions, Berkeley,
May 1979.

High-energy nuclear interactions and the properties of dense
nuclear matter, Hakone, July 1980.

Statistical mechanics of quarks and hadrons, Bielefeld, Aug. 1980

Workshop on future relativistic heavy ion experiments, GSI, Oct.
1980

Quark matter formation and heavy ion collisions, Bielefeld, May
1982



DATE: June 25, 1983

How to get going?? S T
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From __t Program Director for Rlemsatary Partiels Physice

Subject: Hsavy Ion Collisions at High Emergy

I have had several discussions with Dr, Ralph D. Amado, University of
Pemmsylvanis and ur. Gordom A. Baya, University of lllisois-lrbans about

June 28, 1983 memo from qumin chtmmdyataica, (D). Nary of us ses fo Faocirirerir e

heavy ion collisions with sufficient energy to be relevant. The Colliding
= I t Beam Accelerator (CBA) at Brookhaven would be a fine facility for such
David Berley (elementary cxper nenes Iac a¢ Chis momatts 4nd Porbepe. some +inn 1e she feoeems et
ultimats approval or rejection is uncertain. Tra scattering of oxygem
= = NSF t muclei from fixed targets is proposed at the ChRN EPS; a comparison of
partICIe phySICS, O P and £~£ interactions is ia pProgress with a series of sxperimeats at
the ISK. The emergy aveilable in the SPS experiments may be too low,
= I the nuclear volume available in tha ISE experiments mey be too small.
Harvey WI I Iard, (nUC ear Uafortunately, the ISR is scheduled te be turned off i mid 1984 before

physics, NS_F_), despairing of :‘..:::.“3.:'.::::&:;;:1:‘ s ety tor s o

the possibilities of future :"m":‘::f":; ::‘; ;‘:‘:‘:’:_‘; :j_"‘:“'

heavy-ion experiments, e e e e e 4

except possibly at ISR (CERN) e g ke e
the SPS. The hi SDergy physice commmity and the nuclear physige

Community would have te stand firmly behind such a proposal. Support of
" EEFLY sad NSAC weuld sssemcial. — —
e —— A

3 vrits this wete to yeu to wrpe you to dlscuss this matter st the REAC
TSy Fage PIMMMING Nesting to be beld 1N Jaly.

David Berley

ee! Dr. Harecal Bardem, DD/PHY
Dr. Ralph D. Amade, University of Pemnsylvanis
Dr. Covdon A. Baym, University of Illiseis—Urbans




First glimmer of RHIC
NSAC Meeting at Wells College, Aurora, N.Y. July 11-15, 1983
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Possibility of deconfinement phase transition
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Production of exotic
objects in high
energy nucleus-
nucleus collisions

Table 4=3.  Partial List of exotica.

Lifetime Exatic Particles

Primary Signature

Other Signatures

Stahle Complex antinuclet
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Cuark-nucleon DGJI'I'I;?'G.F.I‘.‘.EE

Gluons nueleon complexes®

Mormal but negaiive g4

L] 1 el
i R ohe il 3

Large, nonintegeal g

Unusual gfd

Annihilation with 2m c?
released in ealorimeter
Unusual g/t m < 1 GeV
Unusual gfd; Mmeguent AF = £1;
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Frequent AZ = =1 £ = imeger:
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-———

Mewstable  Cuark globs®

Chiroas?

Density isomers™'

Equilibrium g/4 = 0.01

<p == 13 GeV/c

Unusual g/d
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Fragments 1o hadrons with
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Monnuclear A; high pg;
high- £ + decay

Hyperstrange draps®

gfd = 0.4

Strangoness = — .54

Anomalonsh*
Torcidal nuclei*

“Pi-neut” nuclei!

Shert &,
Shart A
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Mewtral decay

Strong £ dependence; frequent AF,
high-£ + decay?

Topological quantem number;
+ decay

Hypostrange nuclei®

Decay (0 fragment and
associated strangeness
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Emerging knowledge of hadron-nucleus collisions;
hints of new physics in nucleus-nucleus collisions
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ADDITIONALPHYSICS POTENTIAL WITH
NUCLEAR BEAMS

1) Equation of State of Nuclear Matter
® continue and extend studies of nuclear matter
under extreme conditions
e high T, pnuclear matter
® exciting nucleofi degrees of freedom (highly
excited nuclear matter--N* and &-nuclei) 4) PionProduction
_ ® mostabundant of the hadrons
2) Exotica (production of new or unusual states) ® source of pions: (4 N*) + mesons
® quark-related effects (7.p.w, f....), also hadronization of (q@) pairs
® metastable phases of nuclear matter associated with plasma
® anomalons ® available energy into pions or compression?

3) Strange-Particle Production 5) Fragmentation Processes
® thresholds: K+ A’ 1.6 GeV electro-magnetic dissociation enhanced at high
_I(h- 2.5 GeV energies
A 7.1 GeV nuclei far from stability, secondary beams for
K+K+ interferometry (expect ~ 15K's at study

10 GeV/N for central U-U collision) s applications to cosmic ray work (Os..gment) and
measure source size, expect Ry 4+ ~ min at : instrument calibration

pﬂ"la:

i 6) Low Energy Program (below threshold)
ALA _ . i ® emphasis on heavy projectiles (A > 150) not
hyper and multi-hyper nuclei (NN — KNA available at other facilities

+ coalescence) ® liquid —gas phase
. ® nuclear hydrodynamics

P

'7) Atomic Physics T ;
® QED effects in few-electron very-heavy ions, .
including one-electron uranium (&.g., Lamb
Shift)
many-body QED effects become significant
relativistic corrections to fine structure levels >
non-relativistic contributions
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Shutting down of CBA In favor of “Desertron” (SSC) set the stage for
building colliding beam heavy ion accelerator in the CBA tunnel!

Construction at 100 GeV/A driven by possibiity of producing jets that
propagate through collision volume -- a wise decision.
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Forlorn beam tunnel of the CBA (Isabelle), 1983






John Schiffer to Jim Leiss (DOE) & Marcel Bardon (NSF) Aug. 5, 1983

“Our Increasing understanding of the underlying structure of nuclei and of the
strong interaction between hadrons has developed into a new scientific
opportunity of fundamental importance — the chance to find and to explore an
entirely new phase of nuclear matter. In the interaction of very energetic colliding
beams of heavy atomic nuclei, extreme conditions of energy density will occur,
conditions which hitherto have prevailed only in the very early instants of the
creation of the universe. We expect many gualitatively new phenomena under
these conditions; for example a spectacular transition to a new phase of matter, a
quark-gluon plasma, may occur. Observation and study of this new form of
matter would clearly have a major impact, not only on nuclear physics, but also
on astrophysics, high-energy physics, the broader community of science and on
the world at large. The facility necessary to achieve this scientific breakthrough is
now technically feasible and within our grasp; it is an accelerator that can provide
colliding beams of very heavy nuclei and with energies of about 30 GeV per
nucleon. Its cost can be estimated at this time only very roughly as about 150-200
million dollars. It is the opinion of this Committee that such a facility should be
built by the United States expeditiously, and we see it as the highest priority new
scientific opportunity within the purview of our science.”



Main issue for RHIC was to discover the properties of nuclear matter
under extreme conditions -- high temperatures, high densities:

-- entropy and equation of state

-- the nature of its excitations: quasiparticles, collective modes

-- transport of conserved quantities: energy-momentum, baryons, etc.
-- dynamics

-- stopping of hadronic and quark projectiles; energy dissipation

-- particle emission

Possible discovery of new states of matter
-- quark-gluon plasma: A GOAL, NOT THE SCIENTIFIC GOAL!

-- Insights into w condensation, liquid-gas phase transition at low p, T?



Study behavior of QCD at large distance scales:
-- long range forces
-- deconfinement transition, order? sharp? Measure Aqcp
-- chiral symmetry restoration
-- plasma modes
-- confinement in multi-baryon systems
System would be strongly interacting!

Unusual objects:
-- multiquark states
--hadrons with heavy quarks
--extended droplets of large strangeness
--multi-baryon states of unusual chiral topology
--t-u and other exotic atoms
--production of free quarks



Scientific questions in the 1983 NSAC Long Range Plan:

“What Is the nature of nuclear matter at energy densities comparable to
those of the early universe?”

“What are the new phenomena and physics associated with the
simultaneous collision of hundreds of nucleons at relativistic energies?”

The most outstanding opportunity opened by an ultrarelativistic heavy
lon collider Is “the creation of extended regions of nuclear matter at
energy densities beyond those ever created in the laboratory over
volumes far exceeding those excited in elementary particle experiments
and surpassed only in the early universe.”



Astrophysical motivations for studying dense matter
Neutron stars

P> pym T <1-10 MeV, R~ 10-12 km, M ~ 1.2-2 M
--birth, evolution and cooling (x-ray satellite observations, AXAF)
--upper mass limits, black hole identification
Supernova and gravitational collapse
-- bounce above p,,,, energy release

-- hot n-rich nuclel

Cosmology
-- mini- black holes
M~ M piter~ 102M

jupiter

Cosmic rays



Crab Pulsar (period = 33 msec)
Supernoya July 4, 1054 -- Pulsar dis
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Chandra x-ray image Hubble optical image




Cross section of a neutron star

Nuclei and electrons
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Maximum neutron star mass -- and black holes

Equation of state of matter at high baryon density determines
maximum possible neutron star mass, and thus the cut on black
holes. Conventional cut on black hole candidates: M,,,,,= 3.2M,..
Improved knowledge of eq. of state leads to lower cut:

Knowing equation of state to
P = anm => |\/Ins< 2.9 M@
and to 4p,,, => M, ;< 2.2-2.3 M....

many new small mass black hole candidates
Mass function: f,,, = (M, sin i) /(M,+Mica)* < M,
In low mass Xx-ray binaries

ex. Nova muscae, f,, =3.1+0.4
GRO J1655-40, f,, =3.160.15
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Phase diagram of equilibrated quark gluon plasma

T A

quark-gluon
plasma

—

~170 |

MeV o :
Critical point ~ « deconfined,

Asakawa-Yazaki 198££> X-symmetric
hadron gas
confined,

Y-SB
color
\Crossover superconductor
<

>
P
L, fewtimes nuclear Ll
matter density

)

Karsch & Laermann, 2003



New critical point in phase diagram:
Induced by chiral condensate — diguark pairing coupling

via axial anomaly

Hatsuda, Tachibana, Yamamoto & GB, PRL 97, 122001 (2006)
Yamamoto, Hatsuda, Tachibana & GB, PRD76, 074001 (2007)

Normal QGP

Hadronic \  (as mjincreases)
<qq> =+ O / .I:::I.I:::%
Color SC

Too cold to be accessible experimentally at RHIC. Possibly at FAIR.



Order parameters

a,b,c = color
1],k = flavor
C: charge conjugation




Phase structure in T vs. p

Deduce existence of critical point from Ginzburg-Landau
expansion of free energy In chiral and pairing order parameters.
To construct phase diagram in the (T, () plane requires
dynamical picture to calculate G-L parameters.

ey T e
QGP
Hadronic NG
CSC
(NG-like) (CSC-like)
> M X M

“Hadron”-quark continuity at low T No anomaly-induced critical
(Schafer-Wilczek 1999) point for N=2 in SU(3). or SU(2).



Schematic phase structure of dense QCD with two
light u,d quarks and a medium heavy s quark
without anomaly




Schematic phase structure of dense QCD with two
light u,d quarks and a medium heavy s quark
with anomaly




Hadron-quark matter deconfinement transition vs.
BEC-BCS crossover In cold atomic fermion systems

In trapped atoms continuously transform from molecules to

Cooper pairs: D.M. Eagles (1969) ; A.J. Leggett, J. Phys. (Paris) C7, 19 (1980);
P. Nozieres and S. Schmitt-Rink, J. Low Temp Phys. 59, 195 (1985)

Cooper pairs,
weak coupling

G Da|rs shrink

Molecules,
strong coupling

uperfluidity
TC /Tf s e-l/kfa
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Phase diagram of cold fermions
VS. Interaction strength

Temperature

4  Free fermions

+di-fermion Free fermions
molecules a<0
a>0
BEC of
di-fermion / (magnetic field B)
molecules BC g
-1/k; a
Unitary regime ( ) -- crossover

No phase transition through crossover



Deconfinement transition vs. BEC-BCS crossover

In SU(2). : Hadrons <=> 2 fermion molecules.
Paired deconfined phase <=> BCS paired fermions

In SU(3)c

NOR
Normal 4

molecules BCS

>

o BCS-BEC BCS paired
Hadrcng  Crossover quark matter

¢ Abuki, ltakura & Hatsuda,
PRD65, 2002

HpB



Quark matter cores in neutron stars

Nuclei and electrons
Nuclei, electrons and free neutrons

Canonical picture: compare calculations - R
of egs. of state of hadronic matter and &
quark matter. Crossing of Y
thermodynamic potentials => first order ~ § e

quark-gluon plasma
77

phase transition.

ex. nuclear matter using Walecka model,
vs. bag model. GB+S. Chin 1976

Fig. 1. Energy ic volume for
the quark phase of neutron matter (*Bag™) and two bracketing
calculations of neutron matter (“Mean Field” and *Reid™).

Typically conclude transition at p ~ 10p,,, -- notreached in
neutron stars If high mass neutron stars (M>1.8M,) are observed
(e.g., Vela X-1, Cyg X-2) => no quark matter cores



Limitations of equation of state based on
nucleon-nucleon interactions

Accurate for neutron star matter in neighborhood of n_..

Beyond few n_ . :

cannot describe forces in terms of static few-body potentials.
Characteristic range of nuclear forces ~ 1/2m_ =>

importance of 3 and higher body forces ~ n/(2m_)3 ~ 0.4n/{fm}.
For n >>n_, no well defined expansion.

Further hadronic degrees of freedom enter

Cannot describe high density matter in terms of well-defined
“asymptotic” laboratory particles.



More realistically, expect gradual onset of
guark degrees of freedom in dense matter

New critical point suggests
transition to quark matter is
a crossover at low T

Consistent with percolation picture,
that as nucleons begin to overlap,
quarks percolate [GB, Physica (1979)] :

Nperc ~ 0.34 (3/4m 13) fm

Quarks can still be bound even if deconfined.



Physics goals of RHIC

Achieve highest energy densities in extended matter for
relatively long times

Learn the dynamics of high density matter:
energy deposition, stopping, formation of excitations,

onset of equilibration, hadronization, freezeout

sSearch for collective effects beyond individual
pp scattering, or pA scattering

Study role of new degrees of freedom

sProduce and study quark-gluon plasma with large A at
E above a few GeV/fm?

«Extract nuclear equation of state, application to
astrophysics

1995 Long range plan meeting

What are the properties of matter at extremely
high energy, or baryon, density? From nuclear
matter scales (p,=0.16/fm3, E,=0.15GeV/fm°)
to orders of magnitude beyond?

+What are its effective degrees of freedom? From
nucleonic to hadronic to quark-gluon.

«What are the states of matter?
Recognizable quark-gluon plasma? Strangelets? ...?

«What is the structure of qcd on large distance scales?
Phase transitions? Monopoles?

eSurprises!

(thanks to Bill Zajc)




Have our original goals been reached?

Discovery of quark gluon plasma:

High energy densities -- and new state of matter --
achieved.

Plasma very strongly interacting; behaves A ime
collectively. : LL

) 50 100 150 200 250 300 350 400
Npart

Transport properties: Very small viscosity;

consistent with AdS/CFT bound on n/s. Hirano

Connections with ultracold trapped fermionic
atomic systems near Feshbach resonance. Also
very low n/s.

02 04 06 08 1 1.2

Impact on cosmology! QGP in early universe /T
highly correlated system. Rupak & Schaefer




Phase transitions: problems of lattice gauge theory at finite baryon
density make detailed comparison of firm theoretical predictions
with experiment much more difficult. Learning A, and properties
of qcd on large scales from heavy ions still in the future.

5f QGP —— 1% order
----- crossover

A critical point

hadrons

__+

N ® chemical freeze-out (exp.)

0
0 200 400 600 80 1000 1200
u, (MeV)

Braun-Munzinger & Stachel

Neutron stars: to learn equation of state need to extrapolate from
high temperature to sub-MeV degenerate regime. Understanding
onset of quark degrees of freedom with increasing p still in the

future.



	Phase diagram of cold fermions�vs. interaction strength

